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EVALUATION OF THE BILATERAL C1-C2 CLAW APPLICATION TO 
RECONSTITUTE ATLANTOAXIAL STABILITY BY USING FINITE 
ELEMENT METHODS 
SUMMARY 
The Atlantoaxial complex, with its function to generate rotational motion of the neck 
while bearing the weight of the head, is a crucially important structure of the spinal 
column. Although it is extraordinarily strong in nature, damage of the complex and 
even loss of head bearing ability can occur due to a severe trauma arising from an 
accident. In medical term this state is referred to as a type of "Atlantoaxial 
Instability" which can only be treated by surgical instrumentation. Thus, research on 
the currently used spine instrumentation techniques, as well as development of new 
methods have significant scientific and medical importance. On a computational 
basis, the efficiency and drawback of both currently applied surgical processes and 
also ones that may develop in the future can be investigated.  
This work is aimed at simulation of intraoperative and postoperative process of 
bilateral C1-C2 Claw application which has been adapted to patients with upper 
cervical instability at the Neurosurgery Clinic of Istanbul University Cerrahpasa 
Medical School since 2005. Even though much work has been done about various 
sorts of cervical spine instrumentation techniques in literature; excluding clinical 
survey, there is not any study for Bilateral C1-C2 Claw application on engineering 
basis to observe the effectiveness of the technique. 
In the first part of this study, the basics of spinal anatomy is presented. Afterwards 
Atlantoaxial complex has been introduced in detail. Posterior instrumentation 
techniques used to reconstitute atlantoaxial stability have been introduced following 
the brief information about Atlantoaxial Instability. Informational summary 
concerning continuum mechanics applied to biomechanics has also been provided. 
Solid modeling processes of the Bilateral C1-C2 Claw instrumentation components, 
hard and soft members of the Atlantoaxial complex for computer simulations have 
been also explained in detail.  
Next, basics of finite element methods in elasticity have been presented and the 3D 
solid model of the C1-C2 construct was used to perform Finite Element Analyses 
(FEA). The details on the convergence study and validation of the model to be 
ensured whether if finite element model of implanted Atlantoaxial Complex works 
fairly well or not have also given.  
The thesis concludes with the results based on FEA performed to simulate 
intraoperative and postoperative process of the proposed stabilization system. It has 
been commented that during intraoperative process micro cracks on osseous 
elements and tears on soft tissues can occur. Nevertheless, proposed method is found 
to be effective to stabilize atlantoaxial complex also from an engineering point of 
view. Based on the outcomes of this study, comments far future works have been 
presented. 
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ATLANTOAKSĠYEL STABĠLĠTENĠN SAĞLANMASINDA BĠLATERAL C1-
C2 PENÇE UYGULAMASININ SONLU ELEMANLAR YÖNTEMĠ 
KULLANILARAK DEĞERLENDĠRĠLMESĠ 
ÖZET 
Atlantoaksiyel kompleks hem boyun bölgesinin hareketliliğini sağlaması hem de 
kafatasının ağırlığını taĢıması bakımından omurganın önemli bir yapısıdır. Normal 
Ģartlar altında dayanımı yüksek bir oluĢum olmasına rağmen, kaza sonucu ortaya 
çıkabilecek olan ağır travmalarda yapıda hasar gözlenebilir, hatta travma yapının 
kafatasını taĢıma özelliğinin yok olmasına sebep olabilir. Ancak cerrahi operasyonla 
düzeltilebilecek olan yapının görevini yerine getirememesi Atlantoaksiyel 
kompleksin stabilitesinin bozulmasının bir çeĢidi olarak bilinmektedir. Bu sebepten, 
uygulanmakta olan veya ileride geliĢtirilebilecek olan cerrahi yöntemler üzerine 
yapılacak olan araĢtırmalar büyük önem taĢımaktadır. Gün geçtikçe artan imkanlar, 
çeĢitli metodlarla bilgisayar ortamında, yöntemlerin pozitif ve negatif yönlerini 
bulmaya izin vermektedir.  
Bu çalıĢmada, 2005 yılından bu yana Ġstanbul Üniversitesi CerrahpaĢa Tıp Fakültesi 
NöroĢirurji kliniğinde atlantoaksiyel kompleks instabilitesi olan hastalara 
uygulanmakta olan Bilateral C1-C2 pençe uygulamasının operasyon ve sonrası 
süreçlerini sayısal olarak da değerlendirebilmek amacı ile simülasyon yapılması 
amaçlanmıĢtır. Günümüze kadar, pek çok cerrahi yöntemle ilgili olan araĢtırmaların 
yer almasına rağmen, hastaların klinik anlamdaki takipleri dıĢında C1-C2 pençe 
uygulamasının etkinliğinin mühendislik açıĢından incelenmesinin olduğu bir 
çalıĢmaya rastlanmamıĢtır. 
ÇalıĢmanın ilk kısmında, omurga anatomisi hakkında çok kısa bilgi verilmiĢtir. Bu 
bilgilendirmenin ardından, Atlantoaksiyel kompleks daha detaylı bir Ģekilde 
incelenmiĢtir. Atlantoaksiyel Ġnstabilitesi üzerinde basit bir Ģekilde durulduktan sonra 
yapının stabilitesinin sağlanması amaçlı uygulanan posterior cerrahi yöntemlerine 
yer verilmiĢtir. 
Sonlu elemanlar yönteminin ve biolojik yapılar için kullanılmakta olan malzeme 
modellerinin biraz daha iyi anlaĢılabilmesi için sürekli ortamlar mekaniğinin 
biyomekaniğe uygulanması hakkında özet bilgi verilmiĢtir. Pençe uygulamasında 
kullanılmakta olan parçaların, Atlantoaksiyel kompleksin kemiksi ve yumuĢak 
dokulu bileĢenlerinin katı modellerinin oluĢturulması hakkında açıklama yapılmıĢtır. 
Bir sonraki aĢamada, hazırlanmıĢ olan katı modelden yararlanarak sonlu elemanlar 
modeli oluĢturulmuĢtur. Bu modelin yeterince dogru çalıĢıp çalıĢmadığından emin 
olmak için yakınsama testi ve model doğrulaması yapılmıĢtır. 
Cerrahi operasyon süreci ve sonrasını yansıtmak üzere verilen uygun yükleme 
koĢulları sonrası elde edilen sonuçlara göre, operasyon sırasında kemiklerde mikro 
çatlakların, yumuĢak dokularda da yırtılmaların meydana gelebileceği gözlenmiĢtir. 
Bu olumsuzluklara rağmen, uygulanan yöntem yapıya beklenen stabiliteyi 
sağlamaktadır. Son olarak, ileride yapılabilecek olan çalıĢmalar belirtilmiĢtir. 
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1.  INTRODUCTION 
The Atlantoaxial complex allowing neck for rotational motion while bearing the 
weight of the head, is an essential structure of the spinal column. Although it is very 
strong in nature normally, a severe impact caused by an accident can be harmful for 
this complex resulting in damage of osseous elements and/or soft tissues. The motion 
of neck is affected directly by devastation of the region even that the trauma can end 
up with loss of head bearing ability. In medical term, this situation is classified as 
one type of "Atlantoaxial Instability" which can only be eliminated by surgical 
instrumentation. 
Various anterior and posterior surgical approaches have been proposed and applied 
to reconstitute stability of the damaged atlantoaxial complex. Some of the suggested 
stabilization system can be really effective while their operational process are 
jeopardous and they can result in spinal cord injuries. Posterior bilateral C1-C2 claw 
application is one of the current techniques adapted exterminating the drawbacks of 
other approaches. 
Within this thesis, the intraoperative and postoperative processes of posterior 
bilateral C1-C2 claw application have been simulated on computational basis to find 
out pros and cons of the technique. Most of the soft tissues that surround atlantoaxial 
complex have not been modeled to take into consideration the worst case of 
instability. Effectiveness of the proposed approach have been identified in analyses 
results with respect to motion limits of C1-C2 vertebrae for unilateral axial rotation, 
flexion, extension and lateral bending. 
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2.  ANATOMICAL BASICS 
2.1 Anatomical Basics 
This thesis includes interdisciplinary work between engineering and health science. 
Therefore, to communicate easily with medical doctors, it is important for an 
engineer to have common knowledge about an anatomy and a clinical vocabulary. 
In this section, basic information about the anatomy of the spinal column and the 
Atlantoaxial complex, will be given excluding information about nerves and tissues 
surrounding muscles.  
A right-handed coordinate frame is inserted nearly on the center of the pelvis that 
corresponds approximately of a standing person’s center of gravity. In anatomical 
terms, the vertical direction is named as superior while the downward direction as 
inferior. The front of the human body is anterior, whereas the back is posterior. 
Lateral refers to the both left and right sides of the person (Figure 2.1) [1]. 
 
Figure 2.1 : Anatomic reference coordinate system.
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More anatomic terms are needed to define the kinematic motions of the spine. These 
motions defined in Figure 2.2 and include flexion, extension, lateral bending, axial 
torsion, and traction [1]. 
 
Figure 2.2 : Anatomic terms used to describe the motions of the spine. 
The Spine which is a multiplex structure of hard and soft tissue elements, is virtually 
divided into cervical, thoracic, lumbar and sacral regions (Figure 2.3). The anatomy 
of the human spine can be best understood if its functions are considered first. With 
the varying structure throughout the four main regions, the spine has three essential 
functions: movement of the trunk, support of the body and protection of the spinal 
cord. The first seven hard elements, cervical vertebrae, come up with maximum 
flexibility and range of motion for the head (Figure 2.3). The 12 thoracic vertebrae, 
also carrying the ribs, are ideal for a combination of structural support and flexibility 
(Figure 2.3). The 5 lumbar vertebrae, from L1 to L5, are subjected to the highest 
forces and moments of the spine; therefore, they are largest and strongest of the 
vertebral bodies (Figure 2.3) [1, 2]. 
The spine originates four anterior to posterior curves named as kyphoses and 
lordoses. Kyphoses which are concave anteriorly can be seen in thoracic and sacral 
regions; whereas Lordoses are concave posteriorly and seen in cervical and lumbar 
regions (Figure 2.3) [1, 2, 3]. 
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Figure 2.3 : Posterior (left), anterior (middle), lateral (right) view of the spinal 
...column. 
2.1.1 Typical vertebra 
Vertebrae differ in size and other characteristics from one region of the spine to 
another; however, their basic structure is the same. A typical vertebra can be 
separated into two basic regions as a vertebral body and a vertebral arch (Figure 2.4). 
The bone in both regions is constituted of an outer layer of cortical (compact) bone 
and a core of cancellous (trabecular) bone [2, 3, 4]. 
 
Figure 2.4 : Top view of typical cervical vertebra. 
The vertebral body is the roughly cylindrical and large anterior part of a vertebra 
increasing in size as the spinal column descends, in order to support weight of the 
upper. Most vertebral bodies are concave posteriorly where they assist to compose 
the vertebral foramina (Figure 2.4) for arteries and veins. The vertebral bodies are 
connected to each other with fibro cartilaginous intervertebral discs which are the 
essential structure to absorb loads applied to the spine [2, 3, 4]. 
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The vertebral arch is posterior to the vertebral body and has several unique structures 
including pedicles, laminae, superior articular, inferior articular, transverse, and 
spinous processes. The pedicles are short, thick and rounded attaching to the 
posterior and lateral aspects of the vertebral body to meet two broad, flat plates of 
bone, called laminae, which unite in the midline (Figure 2.4). The spinous and 
transverse processes make available attachment of back muscles to the vertebra and 
serve as levers, smoothing the way for the muscles which fix or change the position 
of the vertebrae. Most of the muscles that attach to the spinous processes function to 
extend the vertebral column, while some of them act to rotate the vertebrae to which 
they attach. The muscles that stick to the transverse processes maintain posture and 
induce rotation and lateral flexion of single vertebra and the spine as a whole. The 
superior and inferior articular processes are in apposition with each other forming 
facet joints. Through their participation in these joints, these processes regulate the 
types of movement permitted and restricted between the adjacent vertebrae of each 
region. In addition to its mentioned roles, the articular processes which bear weight 
only temporarily in general, assist in keeping adjacent vertebrae aligned, especially 
preventing one vertebra from slipping anteriorly on the vertebra below [2, 3, 4]. 
The walls of the vertebral foramen are formed by the vertebral arch and the posterior 
surface of the vertebral body. The continuation of the vertebral foramina throughout 
the spine forms the vertebral canal which contains the spinal cord and the roots of the 
spinal nerves that emerge from it, along with the meninges, fat, and vessels that 
surround and serve them (Figure 2.5) [2, 3, 4]. 
 
Figure 2.5 : Cross section of the spinal cord.
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2.1.2 The joints and soft tissues between vertebrae 
The soft tissues of the spine include the intervertebral discs which are situated 
between two adjacent vertebrae, the ligaments that attach to the vertebrae at different 
points, and the spinal cord. The intervertebral discs and spinal ligaments supply 
flexibility and mobility to the spine. Thus, these soft tissues must be stiff enough 
under excessive spinal loads, while they must be soft enough to allow motion in 
many directions. The spinal cord which allows motor control and sensory perception 
to the rest of the body, does not support mechanical loads, but must be flexible 
enough to deform along with the spine during motion without damage [1]. 
The size of intervertebral discs varies along with the spine. A small, round cross-
sectional shape in the cervical spine enlarges through the lumbar spine and the cross-
sectional shape more looks like a kidney to accommodate the mechanical 
requirements at various levels of the spine [1]. 
Although there is difference in size and shape of the intervertebral discs, the general 
structure and composition of them are equivalent: The intervertebral discs like the 
other connective tissues consist of collagen fibers placed in a highly hydrated 
extracellular matrix; but they differ from the other by the way of conferring 
multidirectional flexibility and large load bearing capacity. Each intervertebral disc 
has three main components: a fibrous ring annulus fibrosus; the gelatinous, hydrated 
centre nucleus pulposus and the end plates which are situated above and below of 
each intervertebral disc (Figure 2.6) [1, 3]. 
The interaction between the intervertebral disc components is similar to a thick- 
walled pressure vessel, and allows the discs to act as shock absorbers against the 
loads experienced by the spine [1]. 
 
Figure 2.6 : Top (left) and cross section (right) views of various components of 
intervertebral discs. 
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The facet joints, which determine the direction and limitations of movements 
between vertebrae, are plane synovial joints between the superior and inferior 
articular processes of adjacent vertebrae. Each of these joints is especially in cervical 
region surrounded by a thin joint capsule (Figure 2.7). The capsule is attached to the 
margins of the articular surfaces of the articular processes of adjacent vertebrae. The 
joint capsule constitutes a dense fibroelastic connective tissue as an outer layer, and a 
synovial membrane as an inner layer [2, 4]. 
 
Figure 2.7 : Facet joint in cervical region. 
The ligaments of the spine consisting primarily of type I collagen fibers embedded in 
a hydrated extracellular matrix, besides to provide support to the entire spinal 
column, constrain motions of the spine to prevent overextension and injury. The 
main ligaments are the anterior and posterior longitudinal ligaments (Figure 2.8), 
each of which is continuous along the spine, allowing strong support to it from the 
neck to the sacrum. The anterior longitudinal ligament is stronger and wider than the 
posterior longitudinal ligament. When the spine is extended, the anterior longitudinal 
ligament stretches in tension, and the restoring force of this tissue is in opposition to 
extension and protects the spine against hyperextension [1, 4]. 
Contrary to the last mentioned ligament, the posterior longitudinal ligament stretches 
in flexion; therefore, it resists to hyperflexion. Both of the two ligaments contain 
highly organized type I collagen fibers placed in an extracellular matrix of 
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proteoglycans. These collagen fibers are oriented parallel to the length of the spine, 
thus two longitudinal ligaments have greatest strength along the spine [1, 4]. 
Other smaller ligaments connect each of the vertebrae together individually. The 
posterior lamina of adjacent vertebrae are affixed together with the ligamenta flava 
(Figure 2.8). Like the posterior longitudinal ligament, the ligamenta flava are 
stretched during flexion of the spine. The interspinous ligaments which of its 
functions are not known, are situated between the spinous processes of adjacent 
vertebrae and constitute collagen fibers oriented in a fan like arrangement (Figure 
2.8). With this orientation, the fibers are not stretched in flexion or extension. The 
supraspinous ligaments that has a little tensile strength extends from the top of the 
spine to the between the third and fifth lumbar vertebra (Figure 2.8). The function of 
this ligament is not mechanically, but it is thought that this ligament provides 
cushioning for the spine [1, 4]. 
 
Figure 2.8 : Joints and soft tissues between vertebrae. 
2.1.3 The motions of a spinal unit 
The movements including flexion, extension, lateral flexion and axial rotation might 
be slight between two adjacent vertebrae, but the total of them results in a great deal 
of movement for the spine. In addition to the intervertebral discs, which are helpful 
to limit the amount of movement, the shape and orientation of the articular facets 
define the movements and its limits that can occur between individual vertebrae. 
Other factors that determine the motion limits of the spine include the effects of the 
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posterior longitudinal ligament, ligament flava, interspinous and supraspinous 
ligaments, tension of back extensor muscles for flexion; anterior longitudinal 
ligament, approximation of spinous processes and laminae for extension; 
approximation of articular processes and antagonist muscles for lateral bending [2]. 
2.2 Anatomy of the Atlantoaxial Complex 
The cervical spine is possibly the most distinct region of the spine. It allows to more 
range of motion than any other spinal region. No doubt that, the relatively thick 
intervertebral discs, the nearly horizontal orientation of the articular facets, and the 
small amount of surrounding body mass provides the greatest range of motion for the 
cervical spine [2, 4]. 
The first two vertebrae of the cervical spine: atlas and axis (C1 and C2 vertebrae) 
show a high degree of anatomical and functional specialization; thus they might be 
named as upper cervical while the remaining five named as the lower cervical. From 
the third to the sixth cervical vertebrae, there are few distinguishing characteristics 
and so they are the four typical cervical vertebrae. Because of the transition between 
the cervical region to the thoracic region, the seventh cervical vertebra has several 
distinctive features (Figure 2.9) [3, 5]. 
 
Figure 2.9 : Cervical vertebrae: upper left - atlas, upper right - fourth,  lower left - 
..axis, lower right - seventh. 
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2.2.1 Osseous members 
The many specializations of the osseous anatomy of the atlas (C1) and axis (C2) 
associated to the geometric requirements for the transition between the skull and 
spine in addition to the functional necessity of a high degree of mobility [5]. 
The first cervical vertebra, atlas or C1, has a ring shape without comprising a 
vertebral body. The anteroposterior length of the vertebral foramen is greater than 
that of the other cervicals to provide a necessary space for the dens of the axis and 
related ligaments. The large lateral masses of C1 contain the concave elliptical 
superior articulating facets providing weight bearing articulations between the skull 
and the spinal column. The inferior facets of the atlas and the superior facets of the 
axis are faintly convex which allows significant flexibility (Figure 2.10) [5, 6]. 
 
Figure 2.10 : The atlas (C1). 
The second cervical vertebra, the axis or C2, is also an atypical vertebra with its 
major distinguishing feature: odontoid process or dens (Figure 2.11). The dens 
projects vertically from the superior aspect of the body of the axis and articulates 
with the posterior aspect of the anterior arch of the atlas. There are not articular 
processes and intervertebral discs between C1 and C2; thus, rotation at the atlanto-
axial motion segment is virtually unrestricted. The mission of the lateral atlanto-axial 
joints is conveying the entire weight of the atlas and head to lower structures [3, 5, 
6]. 
 
Figure 2.11 : The axis (C2).
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2.2.2 The joints and soft tissues  
The atlantoaxial articulation is strongly dependent on ligamentous interconnections. 
The stability is conserved partly by the ligaments in the lack of the intervertebral 
discs between atlas and axis [6]. 
The anterior longitudinal ligament is quite wide and covers the anterior aspect of the 
vertebral bodies and intervertebral discs from the occiput to the sacrum (Figure 
2.12). This ligament helps to smooth the anterior aspects of the vertebral bodies by 
filling the natural concavity of them and it functions to limit extension [2, 3]. 
 
Figure 2.12 : Anterior (upper) and posterior (lower) view of cervical vertebrae 
ligaments. 
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The posterior longitudinal ligament runs from the posterior aspect of the body of C2, 
inferiorly to the sacrum, and possibly to the coccyx (Figure 2.13). This ligament 
fairly resists hyperflexion of the vertebral column and helps prevent posterior 
herniation of the nucleus pulposus [2, 3, 4]. 
The ligament flava are paired left and right ligaments that locate between the laminae 
of adjacent vertebrae from the C1-C2 to the L5-S1 (Figure 2.13). These ligaments 
may aid in extension of the spine [2, 3]. 
The ligamentum nuchae is a flat, membranous structure that runs from the region 
between the cervical spinous processes anteriorly to the skin of the back of the neck 
posteriorly (Figure 2.13). The nuchal ligament may make a nearly balanced head 
position optimal for humans [3, 5]. 
 
Figure 2.13 : Lateral view of cervical vertebrae ligaments. 
The apical and alar ligaments play a part in the stability of the atlantoaxial and the 
atlanto-occipital joints (Figure 2.14). The alar ligaments attach the dens to the 
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occipital condyles and to the lateral masses of the atlas. They primarily limit axial 
rotation and lateral bending motion of the occipitoatlantoaxial complex [3, 6]. 
The transverse ligament extending from one lateral mass of the atlas to the other 
closes off the space posterior to the dens and it obstructs the atlas to translate 
anteriorly with respect to the axis (Figure 2.14). The atlas in its proper position 
results in preventing compression of the spinal cord during flexion of the neck [2, 3, 
6]. 
 
Figure 2.14 : Anterior view of skull and cervical vertebrae (upper), top view of 
atlas.and axis (lower). 
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2.2.3 Range of motion  
Due to the variations in the structures, the presence of the dens and other factors the 
range of motion of the C0-C1 and C1-C2 joints differ from that of the other region of 
the spine [5]. 
Most motion seen at the atlantoaxial complex is axial rotation. Since anterior and 
posterior gliding of C1 over C2 accompanied by descent of the atlas, moves the 
upper joint surface inferiorly, this conserves the amount of capsule necessary to 
accommodate the large amount of unilateral axial rotation that can occur at this joint 
[2]. 
The approximate unilateral ranges of motion at the atlanto-axial joint are given in 
Table 2.1.  
Table 2.1: Approximate unilateral ranges of motion at the atlantoaxial joint  
Direction Unilateral Rotational Degree [Rad] 
Axial Rotation  0.14 
Flexion  0.08 
Extension  0.13 
Lateral Bending  0.06 
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3.  ATLANTOAXIAL INSTABILITY 
3.1 Definition, Causes and Results 
Atlantoaxial instability (AAI) is characterized by excessive movement at the junction 
between the atlas (C1) and axis (C2) as a result of either a bony or ligamentous 
abnormality. Trauma, upper respiratory infection or infection following head and 
neck surgery can be eventuated in AAI, while congenital anomalies, syndromes, and 
metabolic disease can increase the risk of instability [7]. 
The AAI can be divided into three categories: flexion-extension, distraction and 
rotation. The AAI is most frequently related to abnormalities that involve the 
transverse ligament or the odontoid process of the axis. The strong transverse 
ligament is considered the primary stabilizer of anterior translation of the atlas. The 
alar ligaments, the apical ligament, the odontoid process, and the facet joint capsules 
provide additional stability [6, 7, 8]. 
When traumatic rupture of the transverse ligament occurs, although survival is 
possible, the outcome is usually fatal. This injury is generally found as a 
consequence of high velocity trauma. The 4 types of traumatic rupture of transverse 
ligament are given in Figure 3.1. Type I injuries are classified as intrasubstance tears 
(IA) or tears at the periostal insertion (IB). Type II injuries involve a bony fracture 
that separates the tubercle from the condyle. Type IIA injuries describe a 
comminuted fracture of the lateral mass, while type IIB injuries describe a tubercle 
avulsion from an intact lateral mass [6]. 
Traumatic rotatory displacement of the atlas can vary from subluxation to 
dislocation. There may be various factors of atlantoaxial rotatory subluxation 
comprising congenital or acquired disorders which may arise spontaneously, 
secondary from inflammation, or from trauma. The 4 types of atlantoaxial rotatory 
subluxation are given in Figure 3.2. Type I is rotary fixation without anterior 
displacement of the atlas. The transverse ligament remained intact with the odontoid 
acting as the pivot point. In type II, there is rotary fixation with anterior displacement
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of the atlas of 3 to 5 mm. Type III is rotary fixation with anterior displacement of 
more than 5 mm with both the transverse ligament and secondary structures 
nonfunctional. Type IV is rotary fixation with posterior displacement. For this to 
occur, the odontoid is deficient and C1 translates posterior on C2 [6]. 
AAI can culminate in spinal cord injury which is often fatal and the respiratory 
functions can be affected. The neurological exam can reveal unilateral or bilateral 
numbness or weakness in one or more multiple extremities [6]. 
 
Figure 3.1 : Classification of traumatic rupture of transverse ligament. 
 
Figure 3.2 : Classification of atlantoaxial rotatory subluxation. 
3.2 Surgical Care 
The goals of AAI treatment are to protect the spinal cord, stabilize the spinal column, 
restore pain-free motion of atlantoaxial joint and reduce any deformity. In 
translational injuries with fractures, conservative or operative treatments are 
undertaken with regard to fracture pattern. When the transverse ligament is ruptured, 
the injury is unlikely to heal. Thus, the majority of surgeons perform posterior 
atlantoaxial fusion [7, 8]. 
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The pure rotatory dislocations can be treated by manipulation, by traction or by their 
combinations with subsequent hard bracing for 6 to 12 weeks. Posterior atlantoaxial 
fusion should be considered if the conservative approach fails [8]. 
In fracture associated rotational dislocation, the most important point to decide 
surgical process is the stability of fracture. Type I of rotatory dislocation is regarded 
as stable and the treatment for this traumatic injury is a collar. Type II injuries may 
be potentially unstable, whereas Type III and Type IV injuries are unstable and are 
treated surgically with atlantoaxial fusion. The techniques of fusion vary from 
sublaminar wiring techniques like Brooks or Gallie, Halifax clamp, or transarticular 
screw of Magerl [7]. 
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4.  POSTERIOR ATLANTOAXIAL INSTRUMENTATION 
In the past several decades, various methods have been developed to reconstitute 
stability of atlantoaxial complex. Current options to stabilize atlantoaxial structure 
include interspinous wiring, facet wiring, and sublaminar wiring, lateral-mass screws 
with plates, rods and finally claws that are worked on within this thesis. 
Instrumentation for use in the cervical spine can be classified as the anterior and 
posterior approaches. Historically, internal stabilization of the atlantoaxial complex 
was carried initially only posteriorly with interspinous wiring, whereas the anterior 
techniques have only developed in the last decades [1, 9]. 
4.1 Posterior Atlantoaxial Instrumentation 
The first recorded surgical instrumentation of the cervical spine dates back to 1891 
related to an internal operative spine immobilization by wiring together the spinous 
processes of the sixth and seventh cervical vertebrae. Attempts for surgical 
stabilization of atlas and axis come later with the use of heavy silk thread to wire the 
spinous process of C1 and C2 vertebrae together. In 1939 the use of posterior 
cervical wiring of the lamina of C1 and C2 was reported by Gallie. Brooks and 
Jenkins, Dickman and Sonntag, et al further modified the technique and offered 
alternative methods of posterior C1-C2 laminar wiring. In the 1980’s interlaminar 
clamps were popularized. The application of lateral mass screws with plates and 
rods, pedicle screws and posterior claw technique recently gained popularity. All of 
these methods are in use today [9, 10]. 
4.1.1 Posterior laminar wiring 
The posterior wiring techniques require an intact posterior arch of C1 and C2. This 
technique cannot be applied if there are fractures of the C1 or C2 posterior elements, 
or if there is significant osteoporosis. Since sublaminar cable passage required for 
this technique, spinal cord injury can be occurred during instrumentation process 
[10]. 
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C1-C2 sublaminar wire fixation was first described by Gallie in 1939. In the Gallie 
technique, a single autograft harvested from the iliac crest is notched inferiorly and 
placed over the axis spinous process and leaned against the posterior arch of atlas 
(Figure 4.1). The graft is held in place by a sublaminar wire that passes beneath the 
arch of atlas and then wraps around the spinous process of axis. This technique is 
said to provide very poor stabilization for rotational movements, although it is good 
in flexion and extension [10]. 
 
Figure 4.1 : C1-C2 sublaminar wire fixation (Gallie technique). 
In the Brooks-Jenkins technique, two separate iliac crest autografts are located 
between C1 and C2. Each iliac crest graft is beveled superiorly and inferiorly and 
wedged in between the atlas and axis lamina on each side of the midline. One 
sublaminar cable is then passed on each side of the midline under both the C1 and C2 
arches and wrapped around each bone graft respectively. The cables are then 
tightened around the grafts and secured (Figure 4.2) [10]. 
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Figure 4.2 : C1-C2 sublaminar wire fixation (Brooks-Jenkins technique). 
The Brooks-Jenkins technique provides more rotational stability than does the Gallie 
technique; however, there is higher potential rate for spinal cord injuries due to need 
for passage sublaminar cables beneath both C1 and C2 [10]. 
In the Sonntag’s modified technique, a sublaminar cable is passed under the posterior 
C1 arch from inferior to superior. A notched iliac crest is located between the 
spinous process of C2 and wedged underneath the posterior arch of C1. Both the 
superior aspect of the C2 spinous process and the inferior arch of C1 are decorticated 
before graft placement. The cable is tightened after it is looped over the iliac crest 
autograft and placed into a notch created on the inferior aspect of the C2 spinous 
process. This technique avoids the bilateral sublaminar C1-C2 cable passage, in 
addition to improve the rotational stability [10]. 
4.1.2 Interlaminar clamps 
Posterior interlaminar clamps can be used if the atlas and axis lamina are intact. The 
clamps are hooked both on the superior surface of the C1 lamina and on the inferior 
surface of the C2 lamina. The hooks are tightened and preferably a bone graft can be 
located between the two lamina before the clamps are tightened (Figure 4.3) [10]. 
 
Figure 4.3 : Posterior interlaminar clamp technique. 
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The posterior laminar clamps are not efficient to stabilize the atlantoaxial complex in 
rotational motion, although they have excellent stability with flexion and extension 
maneuvers [10]. 
4.1.3 Lateral mass screws and plates 
Lateral mass screw-and-plate technique was introduced in the late 1980s. This 
method is a choice for stabilizing the cervical spine when posterior elements are 
absent. It provides immediate rigid stability. The original version of this method was 
modified by Magerl, Anderson, and An. Entrance point for screw insertion and its 
trajectory are different in each modified method. Usually, the screw is directed 
superiorly and laterally to avoid the nerve root and the vertebral artery (Figure 4.4) 
[9]. 
 
Figure 4.4 : Lateral mass screw and plate technique. 
4.1.4 Lateral mass screws and rods 
Lateral mass plating system cannot accommodate complex spinal abnormalities, thus 
lateral mass screws and rods which can accommodate for variations in anatomy were 
introduced. These systems give opportunity to locate the screws in the desired entry 
point, after which the rod is attached either by a clamp or directly onto a polyaxial 
head (Figure 4.5) [9]. 
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Figure 4.5 : Lateral mass screws and rods technique. 
4.1.5 Pedicle screws 
Cervical pedicle screws to stabilize a traumatic instability were introduced in 1994 
(Figure 4.6). Comparing with the lateral mass plating system, pedicle screws have 
superior stability, fixation, and resistance to screw pullout. Once the posterior 
elements have been exposed, the site of the pedicle screw insertion is penetrated with 
a high speed drill. The entry point has been determined to be laterally to the centre of 
the facet and close to the posterior margin of the superior articular surface. After the 
entrance hole has been drilled, a small pedicle probe is inserted and then the 
appropriate pedicle is tapped. In the screw insertion process care must be taken to 
obstruct vertebral artery injury as well as nerve root injury [9]. 
 
Figure 4.6 : Pedicle screw technique. 
4.1.6 Posterior claw application 
Posterior Claw technique is an alternative method to stabilize atlantoaxial complex 
using laminar hooks with a transverse connector. In this method, the posterior 
elements of C1 and C2 are cleared off from all soft tissues. The insertion sites of 
hooks are prepared with periostal elevator. The dissection is extended to the ring of 
C1 and below the inferior border of lamina of C2 to accomodate the hooks. Suitable 
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hooks are placed and rods placed over them and then compressed bilaterally. In 
addition to hooks, a transverse connector is inserted between the rods. Finally, a 
mixture of demineralised bone matrix and bone morphogenetic protein is placed all 
over the surfaces decorticated with a highspeed drill (Figure 4.7) [11]. 
 
Figure 4.7 :  Lateral computer tomogrophy view of patient that was operated with 
..posterior claw method. 
4.2 Claw Technique Versus Other Techniques 
Various surgical methods that require use of wires do not provide sufficient 
immobilization of the atlantoaxial complex, thus resulting in non-union rates up to 
30% even with the use of halo immobilization. With the increasing number of wires, 
there is additional risk of neural tissue damage [11]. 
Although screw fixation techniques are superior to the wiring methods, achieving the 
appropriate placement of screws obstructing vertebral artery injuries are technically 
demanding procedures. Sometimes, the combination of both screw and wire 
techniques is needed to maximize the stability. The passage of wire or cables 
increases the risk of neural injury [11]. 
Posterior laminar clamps technique can be used only if the C1-C2 laminas are intact. 
Without a transverse connector, this technique provides efficient stability with 
flexion and extension maneuvers; but it is insufficient in rotational motion. Halo 
immobilization is also recommended besides this surgical method [11]. 
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Posterior claw technique to stabilize atlantoaxial complex is superior to wiring 
techniques mainly because there is no need for a halo-vest application. The 
possibility of vertebral artery damage is nearly zero with this technique. Requirement 
for intact of posterior bony elements is the major drawback of this method [11]. 
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5.  CONTINUUM MECHANICS APPLIED TO BIOMECHANICS 
Matter consisting of atoms and subatomic particles is not continuous. However, there 
are various kinds of everyday experience regarding the behaviours of materials, such 
as the deflection of a structure under loads, which can be described with theories 
regardless of the molecular structure of materials. The theory that aims to describe 
relationships among gross phenomena, neglecting the structure of material on a much 
smaller scale, is known as continuum theory. Continuum mechanics surveys the 
response of materials under different loading conditions. General principles common 
to all media, such as conservation of mass, and constitutive equations which define 
idealized materials, are two main subjects of continuum mechanics [12]. 
5.1 Mathematical Preliminaries 
Continuum mechanics is formulated in terms of many different types of variables 
including scalar, vector, and tensor fields. All of these variables can be represented 
by tensors of various orders. Therefore, knowledge of the use of tensor notation with 
tensor algebra and calculus is required. 
Index notation is a shorthand scheme whereby a whole set of numbers is represented 
by a single symbol with subscripts. In general a symbol aij…k with N distinct indices 
represents 3
N
 distinct numbers. For example, the symbol ai represents 3 numbers, 
whereas aij denotes 9 numbers with index i and j having the range 1, 2, 3. These 
representations can be written in any manner, but it is common to use a scheme 
related to vector and matrix formats such that; 
 
1 11 12 13
i 2 ij 21 22 23
3 31 32 33
a a a a
a a          a a a a
a a a a
 (5.1) 
Addition, subtraction, multiplication, and equality of index symbols are defined in 
normal fashion [13]. 
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Addition and subtraction are given by 
1 1
2 2
3 3
i i
a b
a b a b
a b
        
11 11 12 12 13 13
ij ij 21 21 22 22 23 23
31 31 32 32 33 33
a b a b a b
a b a b a b a b
a b a b a b
 (5.2) 
Scalar multiplication is specified as 
1
i 2
3
a
a a
a
                
11 12 13
ij 21 22 23
31 32 33
a a a
a a a a
a a a
 (5.3) 
It is convenient to adopt the convention that if a subscript appears twice in the same 
term, then summation over that subscript from one to three is implied [13]. 
3
ii ii 11 22 33
i 1
a a a a a  (5.4) 
3
ij j ij j i1 1 i2 2 i3 3
j 1
a b a b a b a b a b  (5.5) 
A symbol aij…m…n…k is said to be symmetric with respect to index pair mn if 
ij m n k ij n m ka a  (5.6) 
While it is antisymmetric or skewsymmetric if 
ij m n k ij n m ka a  (5.7) 
If aij…m…n…k  is symmetric in mn while bpq…m…n…r is antisymmetric in mn, then the  
product is zero [13]. 
ij…m…n…k pq…m…n…ra b = 0  (5.8) 
An arbitrary symbol aij can be expressed as the sum of symmetric and antisymmetric 
pieces. The first term a(ij) is symmetric, while the second term a[ij] is antisymmetric    
ij ij ji ij ji ij ij
1 1
a a a a a a a
2 2
 (5.9) 
A useful special symbol commonly used in index notational schemes is the 
Kronecker delta defined by 
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1 0 0
1,
0 1 0
0,
0 0 1
ij
if  i j
δ
if  i j
 (5.10) 
Kronecker delta is a symmetric symbol with the following properties: 
ij jiδ δ  (5.11) 
3iiδ  (5.12) 
ij jk ikδ a a  (5.13) 
Another useful special symbol is the alternating or permutation symbol defined by 
1, 1,2,3
1, 1,2,3
0,
ijk
if  ijk is an even permutation of  
ε if  ijk is an odd permutation of   
otherwise
 (5.14) 
The alternating symbol, which is antisymmetric with respect to any pair of its 
indices, is useful in evaluating determinants and vector cross products [13]. 
The transpose of a tensor T, denoted by T
T
, is defined to be the tensor that satisfies 
the following identity for all vectors a and b: 
T
a Tb b T a  (5.15) 
where; 
T
ji ijT = T  (5.16) 
The trace of a tensor is a scalar that obeys the following rules, for any tensor T and 
S, any vectors a and b: 
tr tr trT S T S  (5.17) 
tr α αtrT T  (5.18) 
tr ab a b  (5.19) 
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The linear transformation that transforms every vector into itself is called an identity 
tensor. The identity tensor can be written in matrix format as: 
1 0 0
0 1 0
0 0 1
I  (5.20) 
Transformation between two rectangular Cartesian coordinate systems can be 
realised with the use of a transformation matrix. In general, the components of the 
transformation matrix can be composed by indicating cosine of the angle between 
unit vectors ei and ej
’
, where {e1, e2, e3} and {e1
’
, e2
’
, e3
’
} are unit vectors 
corresponding to two rectangular Cartesian coordinate systems [12]. 
'
ij i jQ = cos(e ,e )  (5.21) 
11 12 13
21 22 23
31 32 33
Q Q Q
Q = Q Q Q
Q Q Q
 (5.22) 
When the components of a vector or a tensor with respect to {e1, e2, e3} are known, 
its components with respect to any {e1
’
, e2
’
, e3
’
} can be determined. Cartesian 
components of tensors of different orders in terms of their transformation law can be 
written in the following form, where the primed quantities are referred to basis {e1
’
, 
e2
’
, e3
’
}, while unprimed quantities to basis {e1, e2, e3} and Q is an orthogonal 
transformation: 
'a = a     '
i mi ma = Q a    
'
ij mi nj mnT = Q Q T  (5.23) 
Considering the tensor transformation concept, it is apparent that there might exist 
particular coordinate systems in which the components of a tensor take on maximum 
or minimum values. The direction determined by the unit vector n is said to be a 
principal direction or eigenvector of the symmetric second-order tensor aij if there 
exists a parameter λ which is called the principal value or eigenvalue of the tensor, 
such that: 
ij j ia n = n  (5.24) 
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This relation can be rewritten as  
ij ij ja - n = 0  (5.25) 
And this expression is a homogeneous system of three linear algebraic equations in 
the unknowns n1, n2, n3. The system possesses a nontrivial solution if and only if the 
determinant of its coefficient matrix vanishes [13]. 
ij ijdet a 0  (5.26) 
Expanding the determinant produces a cubic equation in terms of λ: 
3 2
ij ij a a adet a - = - + I - II + III = 0  (5.27) 
where the scalars Iα, IIα, IIIα are called the fundamental invariants of the tensor aij. 
These three invariants do not change value under coordinate transformation [13]. 
a 1 2 3I  (5.28) 
a 1 2 2 3 3 1II  (5.29) 
a 1 2 3III  (5.30) 
The roots of the characteristic equation given in (5.27) determine the allowable 
values for λ, and each of these may be back substituted into relation (5.25) to solve 
for the associated principal direction n [13]. 
Most scalar, vector, matrix and general tensor variables are functions of the spatial 
coordinates (x1, x2, x3).  
The gradient of a scalar function can be given as  
1 2 3
f f f
f grad f e e e
x y z
 (5.31) 
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While the gradient of a vector function is 
1 1 1
1 2 3
2 2 2
1 2 3
3 3 3
1 2 3
a a a
x x x
a a a
a
x x x
a a a
x x x
 (5.32) 
The divergence of a vector field is defined to be a scalar field given by the trace of 
the gradient of v. That is, 
div tr( )v v  (5.33) 
In Cartesian coordinates, this gives 
31 2
1 2 3
div 
vv v
v
x x x
 (5.34) 
The divergence of a tensor field is defined to be a vector field, denoted by div T and 
given as 
ij
j
T
div 
x
iT e  (5.35) 
5.2 Displacements and Strains 
As a result of applied loadings, elastic solids will change shape, and these 
transformations can be quantified by knowing the displacements of material points in 
the body. The continuum hypothesis establishes a displacement field at all points 
within a deforming solid. Particular measures of deformation can be constructed 
leading to the development of the strain tensor [13]. 
The mechanics of hard tissues, such as bones, teeth, can be analysed using the linear 
theory of elasticity, in which deformation is assumed to be "small", where the 
geometries of the undeformed and deformed body are similar to each other. In 
contrast, soft tissues generally undergo large or finite deformation and thus, even if 
material properties are linear, geometric nonlinearity should be considered [14]. 
In Lagrangian analysis; deformation of a body is measured with respect to a 
reference configuration, which may or may not be stress free. Although most 
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unloaded soft biological structures contain residual stress, it is generally more 
convenient to choose the unloaded case as the reference configuration [14]. 
To derive the tensor that characterizes the deformation of bodies, a body having a 
particular configuration at some reference time t0 and another configuration at time t 
can be considered (Figure 5.1) [12]. 
 
Figure 5.1 : A body at reference time t0 (left), at time t (right). 
A typical material point P undergoes a displacement u so that it arrives at the 
position (Figure 5.1) 
( , t)x X u X  (5.36) 
A neighboring point Q at X+dX arrives at x+dx, which is related to X+dX by 
d d ( d , t)x x X X u X X  (5.37) 
Substracting Eq. (5. 36) from Eq. (5.37), 
d d d , t ( , t)x X u X X u X  (5.38) 
is obtained. Using the definition of gradient of a vector function, Eq. (5.38) becomes 
d d dx X u X  (5.39) 
where u is a second order tensor known as the displacement gradient.  
Equation (5.39) can be written as 
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d dx F X  (5.40) 
where F is known as the deformation gradient  
F I u  (5.41) 
To find the relationship between ds, the length of dx and dS, the length of dX, the dot  
product of the Eq. (5.39) is taken 
Td d d d d dx x F X F X X F F X  (5.42) 
which yields, 
2ds d dX C X  (5.43) 
where the tensor C is known as the right Cauchy-Green deformation tensor: 
T TT
C F F I u u u u  (5.44) 
Defining 
T T* 1
2
E u u u u  (5.45) 
Eq. (5.44) becomes 
*2C I E  (5.46) 
E
*
 is known as the Lagrangian strain tensor. It characterizes the changes of lengths in 
the continuum due to displacements of the material points with respect to a 
"reference" configuration [12]. 
If the deformation is assumed to be small, the components of the displacement vector 
as well as their partial derivatives are all very small so that the (u)T(u) (second 
order smaller term) can be ignored. For such cases; the right Cauchy-Green 
deformation tensor can be approximated as 
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2C I E  (5.47) 
where E is the symmetric part of u which is known as the infinitesimal strain 
tensor. In Cartesian coordinates it can be written as 
ji
ij
j i
uu1
E
2 X X
 (5.48) 
The matrix form of the infinitesimal strain tensor E in terms of the components of the 
displacement gradients in rectangular components can be obtained as 
31 1 2 1
1 2 1 3 1
31 2 2 2
2 1 2 3 2
3 3 31 2
3 1 3 2 3
uu u u u1 1
X 2 X X 2 X X
uu u u u1 1
2 X X X 2 X X
u u uu u1 1
2 X X 2 X X X
E  (5.49) 
5.3 Analysis of Stress 
In general terms, stress is defined as force per unit area. For small deformation, the 
changes of the area between the undeformed and deformed shape of the bodies are 
negligible. However, for large deformation the undeformed and deformed area must 
be distinguished. In this case, the only physically meaningful definition for stress is 
force per unit deformed area, which is called true stress. But it is not always possible 
to define and measure the deformed geometry of a solid body. Thus, it is useful to 
describe a Lagrangian stress or engineering stress as the force per unit undeformed 
area. Sometimes, it is more convenient to write some equations in terms of another 
type of stress. These stress forms named as pseudostress and they have no physical 
significance; therefore they always must be converted into true stress for physical 
interpretation [14]. 
The surface force at a point on a surface can be described by the stress vector (Figure 
5.2).  
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Figure 5.2 : Solid under external loading. 
Considering a portion of the original body to be a free body with a plane, S, and unit 
vector n passes through an arbitrary point P, the stress vector can be defined as 
A 0
lim
A
n
F
t  (5.50) 
If n is a unit normal vector to a plane, the stress vector, tn is given by Cauchy’s 
formula 
nt Tn  (5.51) 
Where T, is a linear transformation known as the Cauchy stress tensor 
By the definition of the components of a tensor 
i mi mTe T e  (5.52) 
The stress vector acting on the planes whose outward normal are e1, e2, e3 can be 
expressed as 
e1 11 1 21 2 31 3T T Tt e e e  (5.53) 
e2 12 1 22 2 32 3T T Tt e e e  (5.54) 
e3 13 1 23 2 33 3T T Tt e e e  (5.55) 
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Where T11, T22, T33 are the normal stress components, while T12, T13, T21, T23, T31, T32 
are the shear stress components. The first number of then components of the stress 
tensor denotes direction, whereas the second number shows the unit normal of the 
plane on which it is acting. 
The normal stresses are the principal stresses (eigenvalues), obtained from the 
characteristic equation of T. Principal stress include the maximum and minimum 
values of normal stresses among all planes passing through a given point [15]. 
3 2
1 2 3λ I λ I λ I 0  (5.56) 
The individual scalar invariants can be written as 
1 11 22 33I T T T  (5.57) 
11 13 22 2311 12
2
31 33 32 3321 22
T T T TT T
I
T T T TT T
 (5.58) 
Cauchy stress tensor is defined based on the differential area at the current position. 
Stress tensors based on the undeformed area can also be defined. They are known as 
the first and second Piola-Kirchhoff stress tensors [12]. 
The surface traction on a given surface referred to the body’s original configuration 
can be defined as 
0 0n
t Pn  (5.60) 
Where P is the first Piola-Kirchoff stress tensor, and n0 is the unit normal to the 
surface in the reference configuration. The resultant force on the surface is equal to 
the traction times the area of the surface. In the limit, as the area of the surface goes 
to zero, 
 (5.61) 
In the current configuration, the differential force acting on the same surface is 
2 2 2
3 11 22 33 12 23 13 11 23 22 13 33 12I det T T T 2 T T T T T T T T TT  (5.59) 
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d dAnf t  (5.62) 
The resultant force on a surface does not depend on the description used, thus the 
two expressions for df must be equal to each other [15]. 
0 0 0 0
dA dA dA dAn nt t Pn Tn  (5.63) 
Letting 
T
0 0
1
dA dA dA
det
n F n Tn
F
 (5.64) 
The relation between the first Piola-Kirchoff stress tensor and the Cauchy stress 
tensor can be given as 
TdetP F TF  (5.65) 
The second Piola-Kirchhoff stress tensor, is formed from the first Piola-Kirchoff 
stress tensor by 
1
2P F P  (5.66) 
The Cauchy stress tensor is related to the first and second Piola-Kirchoff stress 
tensors by 
1 T 1 T
2J JT PF FP F  (5.67) 
Where the common notation J is equal to 
J detF  (5.68) 
5.4 Material Models for Various Tissues 
The analyses of deformation and stress previously mentioned are valid for any solid 
body that can be represented as a continuum, regardless of the type of material that 
comprises the body. For the case of deformable bodies, they are certainly not 
sufficient on their own to determine the material response, additional equations in the 
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form of appropriate constitutive laws are required. These laws specify the ideal 
material in question by identifying experimentally the stress components in terms of 
other field functions such as strain and temperature. By reason of material 
nonlinearity, complex geometry, the composite nature of biological tissues and the 
influence of various environmental variables, it is a more hard and complicated task 
to determine constitutive relations in biomechanics [14, 16]. 
In general, there are five steps in a constitutive formulation. First, the general 
characteristics of the behaviour must be determined: whether if it is solidlike or 
fluidlike. It’s also very important to determine if a material’s response to an applied 
load can be regarded linear or nonlinear. Metals and bones tend to exhibit almost a 
linear stress-strain response under small strains. In contrast, soft tissues such as 
elastomers tend to exhibit nonlinear stress-strain responses under large strains 
without a permanent change in structure [17]. 
Another important characteristic exhibited by some solids under certain conditions is 
a so-called elastic behaviour. By elastic, it is meant that the path followed by the 
material in a stress-strain plot is the same during loading and unloading and the 
material recovers its original size and shape when all loads removed. Metals exhibit  
elastic response under small strains, while soft tissues only exhibit a "nearly" elastic 
behaviour under many normal physiological conditions [17]. 
If the behaviour of material is independent of the position within the body from 
which it is taken, the material named as homogeneous. Many metals and rubberlike 
materials are often homogeneous or at least nearly so, notwithstanding impurities. 
Although soft tissues are composites, consisting of elastin, various collagens, 
proteoglycans, water, and so forth, there are cases in which its behaviors can be 
considered as homogeneous [17]. 
Finally, if the behavior of a material is independent of orientation of observation 
within the body, its response is isotropic. Whereas many metals display isotropy 
under small strains, most tissues exhibit anisotropic responses [17]. 
5.4.1 Linear elasticity for bony structures 
Within certain limits, characteristics consisting of linear stress-strain behavior, the 
loading-unloading curve coincidence, same material behavior everywhere in the 
body and same material response in all directions at a point, are used to formulate the 
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constitutive equation of the linearly elastic or hookean elastic solid. The constitutive 
equation relates the stress to relevant quantities of deformation. In this case, 
deformations are small and the rate of load application has no effect [12, 17]. 
Although bone is a viscoelastic material, at the quasi-static strain rates in mechanical 
testing and even at the ultrasonic frequencies used experimentally, it is a reasonable 
first approximation to model cortical bone as anisotropic, linear elastic solid with 
Hook’s law as the appropriate constitutive equation [18]. 
The relation between Cauchy stress tensor T and the infinitesimal strain tensor E can 
be written as 
T T E  (5.69) 
The function is to be linear and it can be written in component form 
ij ijkl klT = C E  (5.70) 
Where, Cijkl are components of a fourth-order tensor known as the elasticity tensor. 
This tensor can be written in terms of Aijkl, Bijkl, and Hijkl 
ijkl ijkl ijkl ijklC λA αB βH  (5.71) 
Where  
ijkl ij kl ijkl ik jl ijkl il jkA δ δ B δ δ H δ δ  (5.72) 
Using Eq. (5.71) and (5.72), Eq. (5.70) becomes 
ij ijkl kl ij kl kl ik jl kl il jk klT C E λδ δ E αδ δ E βδ δ E  (5.73) 
Denoting (α+β) by 2µ 
ij kk ij ijT λE δ 2μE  (5.74) 
Eq. (5.74) is the constitutive equation for an isotropic linearly elastic solid. The two 
given material constants µ and λ are known as Lamé’s coefficients or Lamé’s 
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constants. For a given real material, the values of Lamé’s constants are to be 
determined from suitable experiments [12]. 
If only one normal stress component is not zero the state of stress named as uniaxial 
stress state. If the axial direction taken to be e1, the only nonzero stress component is 
T11. It can be written as 
11 11 11
1 λ
E T T
2μ 3λ 2μ
 (5.75) 
The ratio T11/E11 corresponds to the Young’s Modulus or the modulus of elasticity 
EY. This modulus is a measure of the extensional stiffness of a material, which can be 
inferred by plotting normal stress versus extensional strain in a uniaxial stress test 
[12, 17]. 
11
Y
11
μ 3λ 2μT
E
E λ μ
 (5.76) 
The ratio –E22/E11 and –E33/E11 correspond to the Poisson’s ratio, denoted by ν. This 
parameter describes a coupling between orthogonal directions which is to say that it 
describes the thinning of a material that is extended [12, 17]. 
3322
11 11
EE λ
E E 2(λ μ)
 (5.77) 
If the state of stress is such that only one pair of shear stresses is not zero, it is called 
a simple shear stress state. The state of stress may be described by T12=T21=τ, and it 
can be written as 
12 21E E
2μ
 (5.78) 
Defining the shear modulus G as the ratio of the shearing stress τ in simple shear to 
the small decrease in angle between elements that are initially in the e1 and e2 
directions, 
12
G
2E
 (5.79) 
Comparing Eq. (5.78) with (5.79), the Lamé’s constant µ is also the shear modulus G 
which provides a measure of the resistance to shear [12, 17]. 
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5.4.2 Anisotropy in hard and soft tissues 
In general, metals exhibit an isotropic behaviour under small strains. However, 
wood, fiberglass, and other man-made composites as well as tendons, ligaments, 
skin, bone and most other biological tissues show anisotropy. When a material has a 
different behavior in one direction compared to all directions in an orthogonal plane, 
the behavior is said to be transversely isotropic [17].  
Taken the axis of symmetry in the e3 direction, stress strain law for a transversely 
isotropic elastic solid can be written as 
In contracted notation, the elasticity stiffness matrix is 
11 12 13
12 11 13
13 13 33
44
                              
                              
                  0      0      0
                              0      0
0       
C C C 0 0 0
C C C 0 0 0
C C C
  0         0  
C
0
 
0 0
 
C
   44
11 12
   0        0
0         0         0          
C
10 0 ( )(C C )           
2
 (5.81) 
The elements of the elasticity stiffness matrix satisfy the conditions in Eq. 5.82-5.85 
11 33 44 11 12C 0 C 0 C           0 C C 0  (5.82) 
11 12 2 2
11 12
12 11
C C
det C C 0
C C
 
 
(5.83) 
11 13 2
11 33 13
13 33
C C
det C C C 0
C C
 (5.84) 
1111 1122 113311
1122 1111 113322
1133 1133 333333
1133 113323
31
12
                              
                              
                  0      0      0
      
C C C 0 0 0T
C C C 0 0 0T
C C CT
C C  T
T
T
11
22
33
1133 1313 23
1313 31
121111 1122
            0      0
0           0            0           0       0
0           0            0       
E
E
E
C C 2E
C
                
2E
1 2E0 0 ( )(C C )
2
 (5.80) 
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Given the complexity of the microstructure of many materials in their solid phase, it 
is not surprising that there are various types of anisotropy. Orthotropy is the other 
most common type of material symmetry. As the name implies, an orthotropic 
response is one that differs in three orthogonal directions. Due to small difference in 
elastic properties between the radial and transverse axis, bone tends to exhibit an 
orthotropic response [17]. 
When the response is otherwise linear, elastic, and homogeneous under small strains, 
the constitutive equations can be written with only nine independent coefficients, 
1111 1122 113311
22 1122 2222 1133
33 1133 2233 3333
23
31
12
                              
                              
      
C C C 0 0 0T
T C C C 0 0 0
T C C C            0      0      0
0           0  T
T
T
  
11
22
33
232323
311313
121212
        0            0      0
0           0            0           0       0
0           0            0  
E
E
E
2EC
2EC
2                     E0 0 C
 (5.86) 
In contracted notation, the elasticity stiffness matrix is given by 
11 12 13
12 22 23
13 23 33
44
                              
                              
                  0      0      0
                              0      0
0       
C C C 0 0 0
C C C 0 0 0
C C C
  0         0  
C
0
 
0 0
 
C
   55
66
   0        0
0         0         0                    0  
C
0 C
 (5.87) 
The elements of the elasticity stiffness matrix satisfy the conditions given in Eq. 
5.88-5.92 
11 22 33 44 55 66            C 0 C 0 C 0 C 0 C          0 C 0  (5.88) 
11 12
21 22
C C
det 0
C C
 (5.89) 
11 13
31 33
C C
det 0
C C
 (5.90) 
11 12 13
2 2 2 2
12 11 13 11 33 12 13 11 13 33 12
13 13 33
C C C
det C C C C C 2C C 2C C C C 0
C C C
 (5.85) 
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22 23
32 33
C C
det 0
C C
 (5.91) 
det C 0  (5.92) 
5.4.3 Hyperelastic models for soft tissues 
The basic concept of hyperelasticity is that the material behaves elastically even at 
large deformations. Hyperelastic materials are commonly characterized by a 
Helmholtz free energy function, Ψ, which describes how the strain energy is stored. 
Thus, hyperelastic materials are a specific subset of elastic materials [15]. 
The stress-strain relationship for a hyperelastic material based on a strain energy 
function can be expressed as a function of right Cauchy-Green deformation tensor C.  
It can be shown that 
1 Tψ2JT F F
C
 (5.93) 
To describe an isotropic material, Ψ is a function of the invariants of C 
1 2 3ψ ψ(I , I , I )  (5.94) 
Using the chain rule, 
31 2
1 2 3
II Iψ ψ ψ ψ
I I IC C C C
 (5.95) 
Furthermore 
1I I
C
 (5.96) 
T2
1 1
I
I II C I C
C
 (5.97) 
2 T 1 13
1 2 3 3
I
I I I I
T T
C C I C C
C
 (5.98) 
So that 
1
1 3
1 2 3
ψ ψ ψ ψ
(I ) I
I I I
I I C C
C
 (5.99) 
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Eq. (5.93) becomes 
1 1 T
1 3
1 2 3
ψ ψ ψ
2J (I ) I
I I I
T F I I C C F  (5.100) 
Previously mentioned that the stress response of hyperelastic materials is derived 
from the given strain-energy function Ψ. Numerous specific forms of strain-energy 
functions to describe the elastic properties of incompressible as well as compressible 
materials have been proposed in the literature and more or less efficient new specific 
forms are frequently introduced. The Mooney-Rivlin form, the neo-Hookean form, 
and the Ogden form are among the mostly known strain-energy functions. The free 
energy expression for only compressible and incompressible neo-Hookean form will 
be given here [16].  
The free energy expression for compressible neo-Hookean form can be expressed as 
2
1
μ λ
I 3 μ ln J ln J
2 2
 (5.101) 
While incompressible neo-Hookean form expressed as 
1
μ
I 3
2
 (5.102) 
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6.  MODELING AND ANALYSIS OF THE BILATERAL C1-C2 CLAW 
APPLICATION 
The aim of this thesis is to simulate the intraoperative and postoperative process of 
posterior claw technique applied to C1-C2 vertebrae numerically and moreover 
compare the results with the healthy one C1-C2 vertebrae model in terms of limits of 
motion in axial rotation, lateral bending, flexion and extension to find out if this claw 
technique provides sufficient stability as predicted clinically. Thus, 3D modeling of 
hard and soft members of the atlantoaxial complex with the proposed stabilization 
system is the first step before getting through the finite element analyses (FEA) of 
the complete system. In this chapter, necessary information about the followed steps 
to attain one’s goal will be given.  
6.1 Modeling of the C1-C2 Construct 
6.1.1 The spinal unit 
Gathering geometrical data from Sawbones Atlas (C1) and Axis (C2) models by 
using a 3D digitizer Faro Laser Scan arm was the first essential step followed to 
obtain detailed and geometrically accurate 3D solid models of C1-C2 vertebrae. 
From the point clouds which are an exact representation of the physical object and 
obtained at the end of the scanning process, the appropriate curves were extracted 
using 3D Scanner Software Polyworks 10.0. C1-C2 vertebrae models that were fitted 
with surfaces provided by curve network, were imported to 3D Modeling Software 
Catia V5 to obtain solid model. 
To show that the scanned vertebrae are geometrically accurate, the morphometric 
anatomy of the C1-C2 vertebrae specified in the literature and the dimensions of the 
scanned model are given in Figure 6.1, 6.2, 6.3, 6.4. The dimensions indicated in 
Figure 6.1 and 6.3 are mean values in millimeter, however there is a range for 
dimensions which can be found out in literature due to the anatomical variations. 
Dimensions of the scanned Atlas and Axis are very close to the mean values and 
remain within the range [8, 19]. 
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Figure 6.1 : Morphometric anatomy of the C1 vertebra given in literature. 
 
Figure 6.2 : Morphometric anatomy of the C1 vertebra model. 
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Figure 6.3 : Morphometric anatomy of C2 vertebra given in literature. 
 
Figure 6.4 : Morphometric anatomy of C2 vertebra model.
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Atlantoaxial complex contains not only hard bony vertebrae, but also soft tissues as 
mentioned previously. Some of the essential soft tissues were included in the 3D 
solid model prepared on computational basis. Anterior longitudinal ligaments and 
facet joints are the involved soft tissues within the model. Although Posterior 
longitudinal ligament is inefficient in stability of the currently used model, is also 
added for the future works. Soft tissues were modeled using Catia V5 conforming to 
geometrical details and dimensions given in the literature (Figure 6.5) [3, 20, 21]. 
The most critical soft tissues to model were facet joints which provides additional 
stability to atlantoaxial region with its complex medium of fluid, hard and soft tissue 
structures. The cervical spine facet joint normally consist of the facet bone, capsular 
ligament, synovial fluid, synovial membrane and articular cartilage. With respect to 
anatomical details, facet joint capsule model proposed in the literature was used as a 
base, including synovial fluid enclosed by capsular ligament. To simplify FEA 
model, the cartilages and synovial membrane were not taken into consideration 
(Figure 6.5) [20]. 
 
Figure 6.5 : Anterior longitudinal ligament (left), capsular ligament and synovial 
..fluid (middle), posterior longitudinal ligament (right). 
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Both hard and soft elements of the prepared atlantoaxial complex can be seen in 
Figure 6.6. 
 
Figure 6.6 : Hard and soft members of atlantoaxial complex model. 
6.1.2 The stabilization system 
Posterior Claw technique that was mentioned previously, requires principally use of 
laminar hooks with a transverse connector. Besides them, there is a need for rods, rod 
clips, bolts and clamps. All these parts that are available within VERTEX SELECT 
Reconstruction System supplied by Medtronic company, were modeled using Catia 
V5 with regard to their proper dimensions (Figure 6.7). 
 
Figure 6.7 : Hook, clips and clamp (Isometric view) 
Each part was assembled with the others using Catia V5 and then, whole model was 
superimposed onto the prepared atlantoaxial model (Figure 6.8). 
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Figure 6.8 : Bilateral C1-C2 claw implant model (left), implantation on atlantoaxial 
...complex (right). 
6.2 Finite Element Modeling 
To simulate the intraoperative and postoperative process of posterior claw technique 
applied to C1-C2 vertebrae using FEA software ABAQUS 6.9, the 3D solid model 
had been prepared as mentioned previously. Finite element modeling is a second 
essential step including discretization of the prepared model, necessary material 
assignments to characterize behavior of bodies, determination of conditions to reflect 
interactions of structures with its surroundings. 
6.2.1 Basics of finite element methods in elasticity 
The finite element method is a powerful numerical method which can be used to 
obtain solutions to real-world problems that involve complicated physics, geometry, 
and/or boundary conditions. Applications range from deformation and stress analysis 
of complex structures to field analysis of heat flux, fluid flow, magnetic flux [22, 
24]. 
In the finite element method, a continuum domain Ω is firstly accepted as a 
collection of geometrically simple subdomains that are named as finite elements 
(Figure 6.9) [22, 23]. 
Each finite element Ωe is viewed as an independent domain that refers to the 
geometric region over which the equations are solved. Second, over each subdomain 
the governing relationships are considered and then, are approximated by any of the 
traditional variational methods to obtain algebraic equations among the quantities of 
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interest. Third, the relationships from all elements are assembled. Finally, taking into 
consideration the loading and constraints, the set of algebraic equation is solved 
(Figure 6.9) [22, 23]. 
 
Figure 6.9 : Collection of geometrically simple subdomains (upper left), assembled 
domain (upper right), applied boundary conditions (lower). 
For stress-deformation analysis of a body in equilibrium under external loading, the 
examination of the elements involves derivation of the load-deformation relationship. 
Primary concern is to find the distribution of displacement u; therefore laws and 
principals which are used to derive load-deformation relationship are expressed in 
terms of u [24]. 
Initial step in finite element analysis involves subdividing the body into a suitable 
number of small elements. The intersections of the sides of the elements are called 
nodes, while the interfaces between the elements named as nodal lines. The element 
type that should be used depends on the characteristics of the continuum and the 
chosen idealization [24]. 
Next, a pattern or shape for the distribution of the unknown quantity within an 
element that can be a displacement and/or stress for stress-deformation problems, are 
chosen. The nodal points of the element provide strategic points for writing 
mathematical functions to describe the shape of the distribution of the unknown 
quantity over the domain of the element. A number of mathematical functions such 
as polynomials and trigonometric series can be used for this purpose, especially 
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polynomials because of the ease and simplification they provide in the finite element 
formulation [24].  
If u is the unknown displacement, an example polynomial interpolation function can 
be expressed as  
i iu N u        i = 1, 2, ......., m (6.1) 
where u1, u2, u3, …,um are the values of the unknowns at the nodal points and N1, N2, 
N3,…,Nm are the interpolation functions. The shape or pattern that is chosen, have to 
satisfy the conditions, laws, and principles of the problem at hand [24]. 
Afterwards, appropriate quantitites that appear in the principle must be defined to 
proceed to the next step which uses a principle for deriving equations for the 
element. For stress-deformation problems one such quantity is the strain. By 
invoking available laws and principles, equations governing the behavior of the 
element are obtained. A number of alternatives are possible for the derivation of 
element equations. The two most commonly used are the energy methods and the 
residual methods [24]. 
Energy methods are based on the idea of finding consistent states of bodies or 
structures associated with stationary values of a scalar quantity assumed by the 
loaded bodies. In engineering, usually this quantity is a measure of internal energy or 
work [24]. 
The other major alternative for formulating the finite element method is the method 
of weighted residuals (MWR). A number of schemes are employed under the MWR, 
among which are collocation, subdomain, least squares, and Galerkin’s methods. 
Galerkin’s method is the most commonly used residual method for finite element 
applications [24]. 
The MWR is based on minimization of the residual left after an approximate or trial 
solution substituted into the differential equations governing a problem. As a simple 
illustration, considering the following differential equation: 
2 * *
2
u u
f (x)
x t
 (6.2) 
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where u
*
 is the unknown, x is the coordinate, t is the time, and f(x) is the forcing 
function. 
In mathematical notation, Eq. (6.2) can be written as  
*Lu f  (6.3) 
where L is the differential operator, 
2
2
L
x t
 (6.4) 
An approximate or trial function u for u
*
 is denoted as 
0 i iu φ α φ         i = 1, 2, ......., n (6.5) 
Where φ1, φ2, …,φn are known functions chosen in such a way to satisfy the 
homogeneous boundary conditions; φ0 is chosen to satisfy the essential, geometric, 
or forced boundary conditions; and αi are parameters or constants to be determined. 
For convenience, the Eq. (6.5) is written as 
i iu α φ        i = 1, 2, ......., n (6.6) 
If the approximate solution u is substituted into Eq. (6.2), a residual can be written as 
R x Lu f  (6.7) 
In the method of weighted residuals, the aim is to find an approximate solution u for 
u
*
 such that the residual is minimized. A number of schemes are available to 
minimize R(x). Galerkin’s method is one of them to derive finite element equations 
for a number of simple problems. Only brief information about the method will be 
given here [24]. 
Mathematically the idea of minimization can be expressed as 
i
D
R x W x dx 0          i = 1, 2, ......., n (6.8) 
Where D denotes the domain of a structure or body under consideration. In Eq. (6.8) 
Wi denotes weighting functions which get various values with respect to different 
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residual schemes. In the Galerkin’s method, the weighting functions Wi are chosen 
from the basis functions used for constructing u
* 
[23, 24]. 
Use of either Energy methods or the method of weighted residuals the equations 
describing the behavior of an element can be expressed as 
k q Q  (6.9) 
Where [k] is an element property matrix, {q} is a vector of unknowns at the element 
nodes, and {Q} is a vector of element nodal forcing parameters [24]. 
Once the element equations, Eq. (6.9), are established for a basic element, same 
equations are generated recursively for other elements. Equations for elements are 
added together to find global equations. This assembling process is based on the law 
of compatibility or continuity which requires that the body remain continuous. 
According to the law, the neighboring points should remain in the neighborhood of 
each other after the load is applied which means more simply that the displacements 
of two adjacent or consecutive points must have identical values. Depending on the 
type of the problem, the continuity conditions may be various [24]. 
The assemblage equations can be expressed in matrix notation as 
K r R  (6.10) 
Where [K] is an assemblage property matrix, {r} is an assemblage vector of nodal 
unknowns and {R} is an assemblage vector of nodal forcing parameters. For stress-
deformation problems, these quantities are the assemblage stiffness matrix, nodal 
displacement vector, and nodal load vector, respectively [24]. 
6.2.2 Meshing 
As revealed before, a continuum domain Ω is firstly accepted as a collection of 
geometrically simple subdomains. In meshing stage, bodies are subdivided into a 
suitable number of small elements that form a grid named as mesh. Information 
about how implanted atlantoaxial complex was meshed, will be given here in details 
immediately afterwards an overview of various elements types. 
Family, degrees of freedom, number of nodes, formulation and integration are five 
aspects to characterize element behavior [25]. 
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One of the major distinctions between different element families is the geometry type 
that each family assumes. The most commonly used element families in a stress 
analysis can be seen in Figure 6.12 [25]. 
 
Figure 6.10 : The most commonly used element families in a stress analysis. 
The degrees of freedom are the fundamental variables calculated during the analysis. 
For a stress-displacement simulation the degrees of freedom are the translations and, 
for shell elements, the rotations at each node [25]. 
Displacements or other degree of freedom are calculated at the nodes of the element. 
At any other point in the element, the displacements are obtained by interpolating 
from the nodal displacements [25]. 
Elements that have nodes only at their corners, use linear interpolation in each 
direction and are often called linear elements or first-order elements. Elements with 
midside nodes use quadratic interpolation and are often called as quadratic elements 
or second-order elements. Modified triangular or tetrahedral elements with midside 
nodes use a modified second-order interpolation (Figure 6.13) [25]. 
 
Figure 6.11 : Lineer element (left), quadratic element (middle), modified second-
......order element (right). 
An element’s formulation refers to the mathematical theory used to define the 
element’s behavior. In the Lagrangian description of behavior the element deforms 
with the material. In the alternative, Euleriean description elements are fixed in space 
as the material flows through them [25]. 
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Numerical techniques integrate various quantitites over the volume of each element 
allowing complete generality in material behavior. Using Gaussian quadrature for 
most elements, the material response at each integration point in each element is 
evaluated [25]. 
The solid elements can be used for linear analysis and for complex nonlinear 
analyses involving contact, plasticity, and large deformations. They are available for 
stress, heat transfer, acoustic, coupled thermal-stress, coupled pore fluid-stress, 
piezoelectric, and thermal-electrical analyses. Solid elements family includes first-
order (linear) interpolation elements and second-order (quadratic) interpolation 
elements in one, two, or three dimensions. Triangles and quadrilaterals are available 
in two dimensions; and tetrahedra, triangular prisms, and hexahedra are provided in 
three dimensions. Modified second-order triangular and tetrahedral elements are also 
available [25]. 
Second-order elements provide higher accuracy than first-order elements for 
“smooth” problems that do not involve complex contact conditions, impact, or severe 
element distortions. They capture stress concentrations more effectively and are 
better for modeling geometric features [25]. 
First-order triangular and tetrahedral elements should be avoided as much as possible 
in stress analysis problems; the elements are overly stiff and exhibit slow 
convergence with mesh refinement. If they are required, an extremely fine mesh may 
be needed to obtain results or sufficient accuracy [25]. 
It is very convenient to mesh a complex shape with triangles or tetrahedra, and the 
second-order and modified triangular and tetrahedral elements. However, a good 
mesh of hexahedral elements usually provides a solution of equivalent accuracy at 
less cost. Quadrilaterals and hexahedra have a better convergence rate than triangles 
and tetrahedra, and sensitivity to mesh orientation in regular meshes is not an issue. 
However, triangles and tetrahedra are less sensitive to initial shape, whereas first-
order quadrilaterals and haxahedra perform better if their shape is approximately 
rectangular. The elements become mush less accurate when they are initially 
distorted [25, 26]. 
All the solid elements allow for finite strain and rotation in large-displacement 
analysis. 
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For kinematically linear analysis the strain is defined as 
 
(6.11) 
where u is the total displacement and X is the spatial position of the point under 
consideration in the original configuration. 
Shell elements are used to model structures in which one dimension, the thickness, is 
significantly smaller than the other dimensions. Conventional shell elements use this 
condition to discretize a body by defining the geometry at a reference surface. In this 
case the thickness is defined through the section property definition. Conventional 
shell elements have displacement and rotational degrees of freedom (Figure 6.12) 
[25]. 
The conventional stress/displacement shell elements can be used in three 
dimensional analysis. They use linear or quadratic interpolation and allow 
mechanical loading [25]. 
 
Figure 6.12 : Conventional shell discretize a body with the geometry defined at a 
reference surface. 
In the meshing step for the implanted atlantoaxial complex, linear tetrahedral 
elements of type C3D4, quadratic tetrahedral elements of type C3D10M, and linear 
hexahedral elements of type C3D8R were used together to discretize the whole 
atlantoaxial complex excluding only cortical bone. To model cortical bone, linear 
shell elements of type S3 was used and the thickness for the cortical bone section 
was defined as 1 mm (Figure 6.13, 6.14, 6.15, 6.16). 
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Figure 6.13 : Mesh of anterior longitudinal ligament (left), posterior longitudinal 
..................................................................................ligament (middle), capsular ligament and synovial fluid (right). 
 
Figure 6.14 : Mesh of C1 vertebra (left) and C2 vertebra (right). 
 
Figure 6.15 : Mesh of hook (left), clips (middle), clamp (right). 
 
Figure 6.16 : Mesh of bolt (left), rod (middle), transverse connector (right). 
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Element types that were used for each components of the C1-C2 construct are given 
in Table 6.1. 
Table 6.1: Element types used for C1-C2 construct components 
Part Name Element Type 
ALL 
PLL 
Rod 
Clips 
Clamp 
C3D10M 
C3D10M 
C3D8R 
C3D10M 
C3D10M 
Bolt C3D8R 
Hook C3D4 
C.Ligament C3D4 
Synovial Fluid C3D4 
Trans.  Connector C3D8R 
Cortical Bone S3 
Spongios Bone C3D4 
6.2.3 Convergence and sensitivity analysis 
Finite element analyses results should converge toward exact results as a mesh is 
repeatedly refined. This will indeed happen if there are no blunders in FE modeling 
and if elements pass patch tests [27]. 
Let h be an approximate linear size measure of an element, and p be the degree of the 
highest complete polynomial in the element interpolation field. Common 
terminology is “h-refinement” and “p-refinement”, in which h or p is changed in 
going from the old mesh to the new. An h-refinement changes element sizes without 
changing element types (so p remains constant). A p refinement changes element 
types without changing element sizes (so h remains constant). These processes are 
uniform refinements, where the positions of existing nodes are not changed. Another 
possibility is “r-refinement”, in which r means “rearrange”; that is, existing nodes are 
moved without changing the number of elements or the number of degree of 
freedom. None of these refinement methods need be used in isolation. Commonly, 
nodes are rearranged when doing h- or p- refinement, or when doing h- and p- 
refinement in combination [27]. 
h-refinement was used to find out if analyses results of implanted atlantoaxial 
complex converge toward exact results or not. Refinement process was applied four 
times consecutively to the symmetric half of the prepared vertebral model. Number 
of elements and nodes for every h-refinement are indicated in Table 6.2. 
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Table 6.2: Number of elements and nodes for the symmetric half of the prepared 
vertebral model at each h-refinement 
Part  
 
Number of Elements  Number of Nodes 
2h h h/2 h/3  2h h h/2  h/3 
ALL 1299 6881 47831 69997  2491 11449 72159 111790 
PLL 620 3496 21081 34023  1253 5926 32338 54944 
C1 Bolt 72 450 3146 10064  128 623 3756 11376 
C2 Bolt 78 450 3267 10608  136 623 3888 11952 
C1 Hook 4161 24239 143104 235357  1088 5200 27853 47935 
C2 Hook 4132 18480 104345 182972  1065 4035 20673 37569 
C1 Vrtb. 21417 59499 201646 451114  4150 11288 38090 85314 
C2 Vrtb. 20083 70450 254354 509679  3846 13319 48088 95044 
Cap.Lig. 1527 8895 52173 141256  481 2198 11359 29460 
Syn. Fl. 782 4537 27035 73359  240 1123 5847 15150 
            
TOTAL 54171 197377 857982 1718429  14878 55784 264051 500534 
In this model, transverse connector with clips, clamps and rods were excluded from 
simulations due to reason of use quadratic tetrahedral elements of type C3D10M for 
these parts (Figure 6.17, 6.18).  
The symmetric half of the prepared vertebral body was restrained in its symmetrical 
direction, while the bottom of the ALL and PLL was restrained in all three 
translational directions. To both of the C1 and C2 hooks displacement approximately 
of 3.5 mm was given to investigate the convergence of the entire model. 
 
Figure 6.17 : h-refinement for capsular ligament and synovial fluid.
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Figure 6.18 : h-refinement for symmetric half of the implanted atlantoaxial complex 
model. 
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Defining maximum values of Von Mises stress, strain and displacement for each part 
was not preferred in order to prevent misleading results that can be occurred in 
proximity of regions that boundary conditions had been applied. Von Mises stress 
values for bony structures and hooks, strain values for soft tissues and displacements 
were determined in critical regions with respect to clinical practice and stress 
distribution (Figure 6.19).  
 
Figure 6.19 : Critical regions as to clinical practice and stress distribution.   
Results were compared to each other and then, proper mesh sizes for parts were 
defined taking into consideration to choose possible bigger size to reduce 
computational cost while satisfying convergence criteria.  
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Compared results in terms of displacement can be seen in Figure 6.20, Figure 6.21. 
Where, h defines chosen element sizes for each part; while 2h, h/2, and h/3 define 
twice, half and one third of the chosen element sizes.  
 
 
 
 
 
Figure 6.20 : Displacement results for the region "A", "C", "D" and "E". 
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Figure 6.21 : Displacement results for the region "H", "I", "M" and "K". 
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Comparison of displacements could not give sufficient information to choose proper 
mesh sizes, therefore strain and Von Mises stress at critical regions were also 
compared to each other (Figure 6.22, Figure 6.23). 
 
 
 
 
 
Figure 6.22 : Von mises stress results for the region "A", "B", "D", and "H".
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Figure 6.23 : Von mises stress results for the region "I", "M"; strain results for 
."C",."E" and "K". 
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With respect to compared results, element size of the region "C", "A", "B", posterior 
longitudinal ligament, bolts and hooks were left same as predicted before (h). On the 
other hand, element size of the region "E", "K", "D", "I", "H", "M" and the critical 
area of hooks that come into contact with vertebrae were reduced by half (h/2). As a 
consequence, the main converged model was obtained. Number of elements and 
nodes for the main model are given in Table 6.3. 
Table 6.3: Number of elements and nodes for the main model 
Part Main Model 
Number of 
Elements 
Number of 
Nodes 
ALL 15652 25281 
PLL 6226 10073 
Left Rod 2940 3825 
Left Clips 6475 11240 
Right Rod 2940 3825 
Right Clips 6465 11224 
Left Clamp 3988 6884 
C1 Vrtb. 178355 33837 
C2 Vrtb. 229298 43353 
Right Clamp 3968 6858 
Left C1 Bolt 492 672 
Left C2 Bolt 468 644 
Right C1 Bolt 456 630 
Right C2 Bolt 462 637 
Left C1 Hook 24277 5901 
Left C2 Hook 19650 4804 
Left Clips Bolt 384 539 
Right C1 Hook 24349 5917 
Right C2 Hook 19826 4829 
Right Clips Bolt 366 518 
Left Cap. Lig. 51602 11278 
Right Cap. Lig. 52124 11357 
Left Syn. Fl. 30143 6457 
Right Syn. Fl. 27220 5878 
Transverse Connector 1552 2450 
   
TOTAL 709678 218911 
6.2.4 Material assignments 
Material assignment to each component that present in the finite elements analysis 
model, is the second essential step to be followed in an effort to specify constitutive 
equations.  
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As mentioned before, it is difficult to determine constitutive relations for biological 
tissues due to reasons consisting of material nonlinearity, complex geometry and 
influence of various environmental variables. Thus, there is a wide range of material 
data available for biological tissues in the literature [20, 28, 29, 30, 31, 32]. It is 
necessary to beware of choosing reasonable material parameters due to lack of exact 
material data in biomechanics. Validation of the prepared model is a helpful way of 
ensuring possible material parameters choices.  
6.2.5 Validation of the model 
To be sure of fairly well material parameters choices within the wide range data 
available for biological tissues, validation of the prepared atlantoaxial complex 
model was needed. To gain one's end, unilateral motion limits of healthy atlantoaxial 
complex model in axial rotation, lateral bending, flexion and extension were taken 
into consideration [34]. 
Although dimensions of our prepared atlantoaxial complex model components were 
in accordance with the morphometric anatomy given in the literature, use of 
proposed linearly elastic material models for anterior longitudinal ligament, and 
capsular ligament could not provide sufficient range of motion indicated in the 
literature. Therefore, with respect to given Young's modulus for anterior longitudinal 
ligament, and capsular ligament, neo-Hookean hyperelastic material model 
parameters were found out and used for these soft tissues. The range of motions of 
prepared atlantoaxial complex model and the healthy one that had been indicated by 
The Air Force Aerospace Medical Research Laboratory were compared with each 
other (Figure 6.24) [19, 28, 29, 34].  
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Figure 6.24 : Comparison of motion limits of the model and the literature. 
Prepared atlantoaxial complex model worked adequately well for axial rotation, 
extension and lateral bending; however, there is a variation for flexion. This 
difference might result from the normally less stiff characteristics of anterior 
longitudinal ligament in compression. In spite of the difference seen for flexion, 
material properties of ALL were not modulated again, in order not to conflict with 
the literature.     
As implied in advance, although bone is a viscoelastic material, it is a reasonable 
first approximation to model bone as anisotropic, linear elastic solid. Due to small 
difference in elastic properties between the radial and transverse axis, bone was 
accepted as orthotropic, linear elastic solid. Vertebral coordinate axes were set with 
the Z axis acting normal to the transverse plane, while the θ axis acting along the 
circumferential directions of the vertebrae [17, 18]. 
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All of the material parameters used for implanted atlantoaxial complex are given in 
Table 6.4. 
Table 6.4: Material properties used for various components in current model 
Material  Elastic Modulus  (MPa) Poisson's Ratio ( - ) 
PLL 20 0.3 
Cortical Bone   Err  = 11,300 νrθ  = 0.484 
 Eθθ = 11,300 νrz  = 0.203 
 Ezz  = 22,000 νθz = 0.203 
 Grθ  = 3800  
 Grz  = 5400  
 Gθz = 5400  
Spongios Bone  Err  = 140 νrθ  = 0.45 
 Eθθ = 140 νrz  = 0.315 
 Ezz  = 200 νθz = 0.315 
   
ALL Hyperelastic, neo-Hookean  
 C10 = 5.7692, D1 = 0.08  
Capsular Ligament Hyperelastic, neo-Hookean  
 C10 =0. 067114, D1 = 0.3  
Synovial Fluid Hyperelastic, neo-Hookean  
 C10 =2e - 6, D1 = 6670  
Fix. Device (Titanium) 114,000 0.3 
6.2.6 Model boundary conditions 
Identification of the boundary conditions is the other requirement for finite element 
modeling to determine the nature of the problems that are affected by its 
surroundings. 
The intraoperative and postoperative process of bilateral C1-C2 claw application to 
reconstitute atlantoaxial stability, were simulated in four main steps. 
In the first step, the bolts of the clips were prestressed in small quantities to reduce 
the number of moveable components with respect to each other. To be succesful, the 
bolts of clips were loaded in direction of their axes, while the other two translational 
directions were restricted. At the same time, hooks were restrained in their vertical 
direction, while the bottom of ALL, PLL, and the two added parts as supports were 
restrained in all three translational directions (Figure 6.25). 
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Figure 6.25 : Boundary conditions for the first step of intraoperative process. 
In the second step, the gap between the C1-C2 vertebrae were enclosed 
approximately 4 mm by imposing displacement in downward direction to C1 left and 
right hooks. The other restraints were remained the same as in the first step (Figure 
6.26). 
 
Figure 6.26 : Boundary conditions for the second step of intraoperative process. 
In the third step, approximately 800 Nmm and 53 Nmm tightening torque were 
applied to the bolts of hooks and clips, respectively (Figure 6.27). These tightening 
torque values assessed based on recommendations of implant supplier company and 
intraoperative experience of the clinicians who use Straight Hex Torque Driver and 
Torque Limiting Handle in conjunction with the Rod Pusher/Counter Torque that are 
available within VERTEX SELECT Reconstruction System. 
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Figure 6.27 : Boundary conditions for the third step of intraoperative process. 
The first three steps were about simulating the intraoperative process, while the 
fourth step was relevant to postoperative process. In this step, superior articular 
facets regions were coupled to a reference point situated above the dens of the C2 
vertebra. This reference point was placed to represent center of rotation of the human 
head. 1 Nm moment was applied to the reference point to simulate axial rotation, 
lateral bending, extension and flexion (Figure 6.28) [35]. 
 
Figure 6.28 : Superior articular facets regions coupled to a reference point.
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7.  RESULTS 
In this chapter, finite element analyses results for intraoperative process that include 
enclosing of the gap between C1 and C2 vertebrae, and tightening of the bolts are 
given in terms of strain and Von Mises stress. Moreover, the results for postoperative 
process to find out whether the suggested implantation method provides sufficient 
stability or not, are given in terms of unilateral motion limits for axial rotation, lateral 
bending, flexion and extension. Results for postoperative process in terms of strain 
and Von Mises stress are also included. 
7.1 Intraoperative Process Results 
Intraoperative process results that are given in this chapter, were obtained at the end 
of approximately 4 mm gap enclosing between C1 and C2 vertebrae and bolt 
tightening with sum of moments that had been previously mentioned in boundary 
conditions assignment step. 
7.1.1 Stress results 
Results in terms of Von Mises stress are given for cortical bones that have 1 mm of 
thickness to find out whether if the intraoperative process may give rise to 
microcracks on them or not, in addition to the whole implanted atlantoaxial complex 
model to understand general aspect (Figure 7.1, 7.2, 7.3, 7.4). 
 
Figure 7.1 : Von mises stress results for the whole model.
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Figure 7.2 : Von mises stress results for the cortical bones. 
 
Figure 7.3 : Von mises stress results for the C1 cortical bone. 
 
 
Figure 7.4 : Von mises stress results for the C2 cortical bone. 
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Based on the Von Mises stress results, stress level of the implant components remain 
within the limit of the ultimate tensile strength of Titanium that the components are 
made in. Assymetry in stress distribution is seen on the transverse connector due to 
assymetric replacement of it between the rods resulted from the anatomical 
restrictions. The locations of high stress on the C1 vertebra including the anterior 
arch, and junction between the posterior arch and lateral mass are in concordance 
with the results indicated in the literature. The transverse connector that may come 
into contact with the C2 vertebra during intraoperative process can be cause of the 
high localized stress occured at the C2 vertebra [1, 36].  
7.1.2 Strain results 
Strain results are given for facet regions including capsular ligaments and synovial 
fluid that become crucially important structures in lack of the other ligaments that 
play a part in the stability of the atlanto-axial joints (Figure 7.5). 
 
Figure 7.5 : Strain results for the facet regions. 
7.2 Postoperative Process Results 
Postoperative process results that are given in this chapter, were obtained at the end 
of 1 Nm moment applied in proper directions to a reference point that was situated 
just above the dens of C2 vertebra with the aim of examination motion limits for 
axial rotation, lateral bending, extension and flexion. 
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7.2.1 Stress results 
Results in terms of Von Mises Stress are given for cortical bones and the whole 
model in final state referring to the case 1 Nm moment application following the 
intraoperative process simulation (Figure 7.6, 7.7, 7.8, 7.9).  
 
Figure 7.6 : Von mises stress results for the whole model in axial rotation. 
 
Figure 7.7 : Von mises stress results for the whole model in extension. 
  
 
81 
 
Figure 7.8 : Von mises stress results for the whole model in flexion. 
 
 
Figure 7.9 : Von mises stress results for the whole model in lateral bending. 
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Taking into consideration the general aspect of the stress distribution, the stress level 
of the implant components continue to remain within the limit of the ultimate tensile 
strength of Titanium that the components are made in. The transverse connector is 
enforced more in axial rotation as it was expected before. 
The Von Mises stress results for cortical bones are given in Figure 7.10, 7.11, 7.12 
and 7.13. 
 
Figure 7.10 : Von mises stress results for cortical bones in axial rotation. 
 
 
Figure 7.11 : Von mises stress results for cortical bones in extension. 
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Figure 7.12 : Von mises stress results for cortical bones in flexion. 
 
 
Figure 7.13 : Von mises stress results for cortical bones in lateral bending. 
With respect to Von Mises stress results for cortical bones, it can be observed that 
anterior arch and posterior arch especially in flexion are still two critical regions for 
C1 vertebra. The high localised stress level seen in proximity of the bottom of C2 
vertebra is resulted from the restriction of the region in all three translational 
directions. 
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7.2.2 Strain results 
Strain results as done before are given for facet regions in final state (Figure 7.14, 
7.15, 7.16, 7.17). 
 
Figure 7.14 : Strain for facet regions in axial rotation. 
 
 
Figure 7.15 : Strain for facet regions in extension. 
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Figure 7.16 : Strain for facet regions in flexion. 
 
Figure 7.17 : Strain for facet regions in lateral bending. 
With respect to strain results, it can be noticed that capsular ligaments and synovial 
fluids are more affected by axial rotation and lateral bending. 
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7.2.3 Unilateral motion limits 
The effectiveness of the proposed stabilization system was also identified with 
respect to unilateral motion limits for axial rotation, flexion, extension and lateral. 
Unilateral motion limits are given in Table 7.1. 
Table 7.1: Unilateral motion limits of the implanted atlantoaxial complex model 
Direction Rotational Degree [Rad] 
Axial Rotation  0.037 
Flexion  0.030 
Extension  0.004 
Lateral Bending  0.032 
The results in terms of rotational degree for the implanted atlantoaxial complex and 
the atlantoaxial complex that was used in validation step can be compared with 
respect to each other. The stabilization of the atlantoaxial complex with the Bilateral 
C1-C2 claw application results in restriction approximately 75% of motion in axial 
rotation, 87% in flexion, 96% in extension and 54% in lateral bending. 
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8.  CONCLUSION 
It has been noticed that most researchers have been focused on effectiveness and 
weakness of the instrumentation approaches other than the posterior Bilateral C1-C2 
Claw application. Nevertheless, there exists almost no study on the proposed 
stabilization system that has currently adapted to consecutive patients with upper 
cervical instability at the Neurosurgery Clinic of Istanbul University Cerrahpasa 
Medical School. Therefore, it has been important to find out drawbacks and 
usefulness of the suggested technique by simulating intraoperative and postoperative 
steps of it in virtual environment. 
The initially requirement was to obtain 3D solid model of atlantoaxial complex on 
which the components of bilateral C1-C2 claw implant system had been inserted. 
Prepared solid model has been imported ABAQUS Software for finite element 
analysis process. To be ensured of the accuracy of the finite element model, 
convergence and sensitivity analysis has been performed. In addition proper choices 
of material parameters from the wide range of data available for biological tissues 
have been controlled, taking into consideration motion limits of C1-C2 vertebrae that 
had been pointed out in literature. Appropriate load and moment conditions to reflect 
intraoperative and postoperative process were applied. 
Considering the analyses results performed, it has been concluded that depending on 
the anatomical differences and clinicians abilities some microcracks on bones and 
damage evolution on facets and surrounding tissues can be occurred during 
implantation process. Attention should be paid that it might not always be possible to 
completely enclose the gap between C1-C2 vertebrae to take them into contact. On 
the other hand, the proposed stabilization system as clinicians estimated provides 
sufficient stability to atlantoaxial complex in the worst case. The unilateral motions 
of operated atlantoaxial complex remain within the clinically accepted limits. 
It is also envisaged that rasping of the region on which the hooks have been inserted 
is needed especially to stabilize atlantoaxial complex in axial rotation. Since, with 
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the rasped regions slipping motion of the hooks over the vertebrae can be restricted 
more. 
Future studies on the Atlantoaxial complex as well as the spinal numerical analysis 
techniques that are encouraged to conduct might be; 
Experimental studies on implanted atlantoaxial complex to compare results with the    
numerically validated models. Experimental researches on more advanced models as 
well as simple models of soft tissues to point out material parameters. Generation 
and validation of a 3D complex spinal facet joint in full detail considering the effects 
of synovial fluid and the commonly disregarded components for accurate local 
numerical stress analysis.  
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